Previously we described a reliable method based on immunodepletion for isolating mesenchymal stem cells (MSCs) from murine bone marrow and showed that, after intracranial transplantation, the cells migrated throughout forebrain and cerebellum and adopted neural cell fates. Here we systemically administered MSCs purified by immunodepletion from male bleomycin (BLM)-resistant BALB͞c mice into female BLM-sensitive C57BL͞6 recipients and quantified engraftment levels in lung by real-time PCR. Male DNA accounted for 2.21 ؋ 10 ؊5 % of the total lung DNA in control-treated mice but was increased 23-fold (P ‫؍‬ 0.05) in animals exposed to BLM before MSC transplantation. Fluorescence in situ hybridization revealed that engrafted male cells were localized to areas of BLM-induced injury and exhibited an epithelium-like morphology. Moreover, purification of type II epithelial cells from the lungs of transplant recipients resulted in a 3-fold enrichment of male, donor-derived cells as compared with whole lung tissue. MSC administration immediately after exposure to BLM also significantly reduced the degree of BLM-induced inflammation and collagen deposition within lung tissue. Collectively, these studies demonstrate that murine MSCs home to lung in response to injury, adopt an epithelium-like phenotype, and reduce inflammation and collagen deposition in lung tissue of mice challenged with BLM.
I
diopathic pulmonary fibrosis is a crippling disease characterized by progressive dyspnea and is associated with a high mortality rate (1) . Presently, no effective therapies to reverse or retard the course of the disease are available (1) . Several recent studies have demonstrated that stem cells derived from adult tissues can home to and͞or participate in the development of lung tissue (2) (3) (4) , raising the possibility that stem cell-based therapies may be developed for effective intervention of lung diseases. However, the nature of the signals involved in the recruitment of stem cells into the lung, the extent of stem cell engraftment, and the effect of injury or disease on these processes remains undetermined.
To begin to address these issues we compared the engraftment of systemically administered mesenchymal stem cells (MSCs) in lung tissue of normal mice to that of mice exposed to bleomycin (BLM), which represents a well established model of lung injury resulting in pulmonary fibrosis (5, 6) . We also evaluated whether MSC administration altered the clinical course of BLM-induced lung injury. Importantly, these studies used MSCs isolated from murine bone marrow by immunodepletion, a method that removes contaminating hematopoietic cells, which possess an appreciable engraftment potential in vivo, from plastic adherent marrow cultures (7) . Moreover, we used a real-time PCR assay that specifically targets sequences on the mouse Y chromosome to quantify levels of male MSCs in the lungs of female transplant recipients (8) . Our results reveal that MSCs engraft in the lungs of normal mice at low levels, but engraftment is increased significantly in response to BLM-induced injury. In the latter case engrafted donor cells adopted an epithelium-like morphology and also copurify with type II epithelial cells. Our data also demonstrate that early but not late administration of MSCs ameliorated the fibrotic injuries observed in the lungs of BLMtreated mice.
Materials and Methods
Isolation of Murine MSCs and Alveolar Type II Cells. MSCs were isolated from mouse bone marrow as described (7) except that whole bone marrow was plated at a density of 1.46 ϫ 10 6 cells per cm 2 and cultured for 8-10 days before harvest. MSCs (up to 40 ϫ 10 6 cells) were added to M-280 Dynabeads (five beads per cell; Dynal, Oslo) conjugated to an anti-CD11b antibody (10 g per mg of beads; PharMingen) in a volume of 1 ml and incubated on a rotator at 4°C for 45 min. Successive rounds of immunodepletion by using antibodies against CD34 and CD45 (PharMingen) were conducted similarly. Immunodepleted cells were suspended in Hanks' balanced salt solution and used for further experiments as described. Alveolar epithelial type II cells were isolated from the lung tissue as described (9) . Approximately 2 ϫ 10 6 cells were used to prepare genomic DNA for real-time PCR. Alternatively, 5 ϫ 10 4 cells were cultured and fixed on positively charged slides for analysis by fluorescence in situ hybridization (FISH).
Fluorescence-Activated Cell Sorting. Aliquots (2.5 ϫ 10 5 ) of immunodepleted MSCs were suspended in 50 l of wash buffer (0.1% sodium azide͞1.0% BSA in PBS) containing a rat anti-mouse CD16͞CD32 antibody (Fc Block, PharMingen) at a concentration of 1 g per 1 ϫ 10 6 cells and incubated for 5 min at 4°C in the dark. Wash buffer (50 l) containing 5 g of the appropriate fluorochrome-conjugated primary antibody (PharMingen) was added, and the cells were incubated for an additional 20 min. Cells were washed twice with 200 l of wash buffer, and the extent of cell labeling was evaluated by using a Beckman Coulter Model Epics XL. Isotype controls were run in parallel by using the same concentration of each antibody tested. instillation of 10% neutral formalin (Sigma) and then postfixed for 24 h. Sagittal sections (4-m) of paraffin-embedded lung tissue were used for FISH. Collagen deposition was estimated by measuring the total hydroxyproline content of the lung as described (10, 11) . Results were expressed as micrograms of hydroxyproline per lung. All experiments involving live animals were approved by the animal use and care committee of Tulane University Health Sciences Center.
Real-Time PCR. Real-time PCR was carried out as described (8) on a 7700 sequence detection system (Applied Biosystems) by using the PCR primers 5Ј-TTTTGCCTCCCATAGTAGTAT-TTCCT-3Ј and 5Ј-TGTACCGCTCTGCCAACCA-3Ј and the TaqMan probe 5Ј-FAM-AGGGATGCCCACCTCGCCAGA-TAMRA-3Ј.
Standard curves were generated by serially diluting male mouse genomic DNA into female mouse genomic DNA prepared from liver.
FISH. Localization of male Y chromosome sequences in 4-m paraffin-embedded sections of mouse lung tissue was done by using the Universal ISH kit and a mouse Y chromosome paint probe (Innogenex, San Ramon, CA) as described (8) . Sections were counterstained with 4Ј,6-diamidino-2-phenylindole or ethidium bromide (1 mg͞ml), photographed by using a Leica (Deerfield, IL) RX-DMV upright fluorescent microscope attached to a digital camera (Cooke Sensicam), and rendered by using SLIDEBOOK software (Intelligent Imaging Innovations, Denver).
Osteopontin and Metalloproteinase RNA Expression in Mouse Lung.
Microarray analysis was used to quantify the effect of BLM exposure on osteopontin mRNA levels in lung as described (12) . Labeled cRNA was hybridized to the GeneChip Mu6500 array (Affymetrix, Santa Clara, CA). Data points for C57BL͞6 mice represent total RNA pooled from six animals, whereas data points for 129͞J mice represent total RNA isolated from individual mice (n ϭ 3-5). Fold changes were determined by dividing the mean of the average differences in each experimental condition by that for the control-treated group. Metalloproteinase RNA expression was evaluated by using a RiboQuant kit (PharMingen) following manufacturer recommendations.
Results

BLM-Induced Lung Injury Enhances MSC Engraftment.
We exploited a well characterized murine model of BLM-induced pulmonary fibrosis to evaluate how injury effects engraftment of stem cells in lung. Accordingly, we isolated by immunodepletion murine MSCs from the bone marrow of male BLM-resistant BALB͞c mice and transplanted them via the i.v. route into female BLM-sensitive C57BL͞6 mice that were challenged with BLM. We then quantified engraftment levels of male, donor-derived cells in the lungs of female transplant recipients 14 days after BLM challenge using real-time PCR. No male DNA was detected in lung tissue isolated from control female mice, and male DNA accounted for Ϸ2.21 ϫ 10 Ϫ5 % of total lung DNA in female mice (n ϭ 7) that were administered MSCs. In contrast, male DNA accounted for 5.18 ϫ 10 Ϫ4 % of total lung DNA in female transplant recipients (n ϭ 10) exposed to BLM before injection of MSCs. This result represents a 23-fold increase in engraftment levels of donor-derived cells as compared with mice not exposed to BLM (P Ͻ 0.05) (Fig. 1) .
To confirm these findings we localized engrafted male cells in the lungs of BLM-treated female transplant recipients by FISH using a mouse Y chromosome paint probe. Relatively few cells were detected in lung tissue that demonstrated a positive hybridization signal against the Y chromosome, which was anticipated based on our quantitative analyses. The detected donorderived cells were localized in areas of BLM-induced lung injury and appeared to conform to the morphology of epithelial cells (Fig. 2) . To evaluate this engraftment further, we isolated epithelial type II cells from the lungs of female transplant recipients and measured their content of male DNA by real-time PCR. Epithelial type II cells isolated from the lungs of female mice exposed to BLM contained no detectable male DNA. In contrast, male DNA accounted for 1.37 ϫ 10 Ϫ3 % of the total DNA content of epithelial type II cells isolated from the lungs of BLM-treated female mice administered male MSCs (Fig. 1 A) . Therefore, purification of epithelial type II cells resulted in a 3-fold enrichment of male donor MSCs as compared with that contained in whole lung tissue. This engraftment level also represents a 62-fold increase as compared with mice not exposed to BLM (P ϭ 0.001) (Fig. 1B) .
Freshly isolated epithelial type II cells were identified by Papanicolaou staining of lamellar bodies (Fig. 3A) . Culture of the cells resulted in adhesion and loss of lamellar bodies. The cultured cells also expressed cytokeratins (Fig. 3B) , reacted with osmium tetroxide, but did not express vimentin and desmin (data not shown), indicating that the isolation procedure yielded a homogeneous population. FISH with a Y chromosome paint probe resulted in a positive hybridization signal for most of the type II epithelial cells isolated from the lungs of male mice (Fig.  3C) . We also identified a few cells that demonstrated a positive hybridization signal in preparations of type II epithelial cells from female mice exposed to BLM and administered MSCs (Fig.  3D) . These results are consistent with our real-time PCR data and confirm that male donor MSCs copurified with type II epithelial cells from lung.
BLM Enhances Osteopontin Expression in Mouse Lung.
Immunodepleted murine MSCs uniformly express CD44 but do not express the v4 and v6 isoforms of this polymorphic glycoprotein that functions as a cell-surface receptor for hyaluronan (HA) (13) and osteopontin (14) . Interaction between CD44 and HA is fundamental for the normal development of the lung and the repair of lung injury (15) . Although BLM exposure is known to induce expression of HA in lung (16, 17) , its effect on osteopontin expression is not well characterized. Accordingly, we evaluated the effects of BLM exposure on expression levels of osteopontin mRNA in the lungs of BLM-sensitive strains (C57BL͞6 and 129͞J). Endotracheal challenge with BLM induce a time-dependent increase in osteopontin mRNA levels in lung, resulting in a 3-and 5-fold increase as compared with untreated mice at 7 and 14 days after BLM exposure, respectively (Fig. 4A) . Therefore, two different ligands that bind to the CD44 receptor are induced in lung tissue by BLM.
Engrafted MSCs Alter BLM-Induced Lung Injury in C57BL͞6 Mice. The intratracheal exposure of mice to BLM but not to saline resulted in the development of subpleural areas of inflammation that encompassed Ϸ55-60% of the lung parenchyma, which was consolidated with loss of normal alveolar architecture, and also involved the bronchi and vasculature (Fig. 5) . Administration of MSCs immediately after challenge with BLM reduced the extent of inflammation within the lung as evidenced by large areas of undamaged tissue with normal alveolar architecture. In contrast, no significant difference in the degree of inflammation was observed in animals administered MSCs 7 days after challenge with BLM as compared with those exposed to BLM alone (Fig. 5) .
BLM exposure in mice also results in an increase in collagen deposition in the lung. Therefore, we compared the amount of hydroxyproline, a modified amino acid specifically found in collagen, in lung tissue of normal mice to those challenged with BLM with or without MSC administration. The hydroxyproline content of lung tissue from control-treated mice was 48.1 Ϯ 7 g per lung. At 14 days after exposure to BLM this valued increased significantly to 93 Ϯ 20 g per lung (P Ͻ 0.05). In contrast, the hydroxyproline content of lung tissue from animals that were administered MSCs immediately after BLM challenge was 67 Ϯ 1 g per lung, which was also significantly different from that of control-treated mice but represented a statistically significant decrease (n ϭ 7; P Ͻ 0.05) compared with animals exposed to BLM alone. Administration of MSCs 7 days after BLM exposure also resulted in a reduction in hydroxyproline content of lung 14 days later (81 Ϯ 18 g per lung), but this difference was not statistically significant as compared with animals exposed to BLM alone (P Ͼ 0.05).
In addition to modulating the extent of collagen deposition, we found that MSC administration also altered the expression level of various matrix metalloproteinases (MMPs) in BLM-treated mice. Compared with control animals, BLM exposure increased the expression level of transcripts encoding MMP2 [27.6 Ϯ 6.9 vs. 96.5 Ϯ 24.6 arbitrary units (AU), respectively] and MMP9 (5.48 Ϯ 1 vs. 7.51 Ϯ 1 AU, respectively) within lung tissue (Fig.  4B) . In contrast, administration of MSCs to animals immediately after BLM exposure reduced the extent of BLM-induced expression of MMP2 (67.3 Ϯ 16 AU) and completely attenuated BLM-induced expression of MMP9 (5 Ϯ 0.5 AU) in lung tissue. BLM exposure also increased transcript levels of interstitial collagenase (MMP13) in lung as compared with untreated mice (9.83 Ϯ 2 AU vs. 1.63 Ϯ 0.2 AU, respectively), which was reduced modestly in animals that were administered MSCs after BLM exposure (6.43 Ϯ 0.6 AU). Collectively, these results indicate that early but not late administration of MSCs reduces the degree of inflammation and fibrosis in the lungs of mice challenged with BLM.
Discussion
In this report we demonstrate that engraftment in lung tissue of systemically administered MSCs occurs at low levels in normal mice but is increased significantly in response to BLM-induced lung injury. We also show that administration of MSCs immediately after BLM challenge protects lung tissue from BLMinduced injury, as evidenced by a significant reduction in inflammation, collagen deposition, and MMP activation within lung tissue. Collectively, these findings indicate that systemic administration of MSCs may be beneficial in the treatment of lung disease even if engraftment levels of the administered cells are comparatively low.
An important aspect of this work is that the MSCs used in this study were enriched from plastic adherent cultures of murine bone marrow by immunodepletion, which is in contrast to several previous reports that evaluated the engraftment and therapeutic potential of MCs by transplantation in vivo of plastic adherent marrow cells (4, 18, 19) . We and others (20) (21) (22) have shown that plastic adherent cultures elaborated from murine bone marrow contain a variety of hematopoietic cell types, which persist in the cultures even after serial passage and exhibit an appreciable engraftment potential in vivo. Therefore, the aforementioned studies are confounded in that transplantation of plastic adherent cells precludes a direct measure of the contribution made by MSCs to the experimental outcome. Our experimental approach, in contrast, provides a more direct measure of the engraftment and therapeutic potential of MSCs in lung.
At present, the mechanism by which BLM-induced lung injury augments MSC engraftment in lung tissue is unclear. Endotracheal challenge of mice with BLM leads to lung fibrosis and occurs in three stages. The first stage, acute pulmonary toxicity, results from BLM-induced DNA-strand scission and is characterized by apoptosis and necrosis of alveolar epithelial cells (23) (24) (25) . This is followed by an inflammatory phase, wherein activated immune cells migrate into the lung and release a variety of cytokines including tumor necrosis factor ␣, which promotes the development of lung fibrosis (26, 27) . The final stage is characterized by enhanced collagen deposition within lung, expansion of the lung interstitium due to the proliferation of fibroblasts and smooth muscle cells, and increased expression of MMPs that participate in the remodeling of the injured tissue (28) . Each of these phases may affect engraftment of MSCs in lung uniquely. For example, although we isolated MSCs from a BLM-resistant strain of mice, it is possible that a significant percentage of administered cells were lost because of the acute toxicity of BLM or immune rejection by the host, because our population of MSCs constitutes an allotransplant. Conceivably, optimizing the dose of MSCs and timing of administration and transplanting autologous stem cells after BLM challenge may enhance engraftment levels further. The homing and engraftment of MSCs in lung may have been augmented by engagement of their CD44 receptor by HA and osteopontin. BLM exposure is known to increase expression of HA in lung (16, 17) , and we have shown in this report that osteopontin mRNA levels are also increased under these conditions. Alternatively, release of cytokines and mitogens by immune-infiltrating cells may also affect the homing, engraftment, and proliferative status of MSCs in lung. Last, breakdown of the microvasculature due to BLM toxicity may provide a nonspecific mechanism by which MSCs gain increased access to lung tissue.
Our data also indicate that MSC administration after BLM exposure protects lung tissue from injury by significantly reducing the extent of inflammation and fibrosis. Several explanations may account for this effect of MSC administration. For example, MSCs may limit the injurious effects of BLM by replacing alveolar epithelial type II cells, which are thought to function as stem cells in lung and are known targets of apoptotic signals induced in lung by BLM (29) . Differentiation of MSCs into epithelial type II cells may partially restore the stem cell pool, leading to increased genesis of alveolar cells for the resolution of disrupted alveolar surfaces, thereby augmenting the repair process. Generation of lung stem cells may also explain how low levels of MSC engraftment in lung can produce a positive effect on the health status of mice exposed to BLM. Notably, several recent reports have shown that fusion with somatic cells may enable stem cells to adopt unorthodox phenotypes (30, 31) . At present we have not determined whether fusion of MSCs with somatic cells in lung is responsible for their epithelium-like morphology or whether the cells change fate in vivo in response to transplantation to a novel residence. If a significant fraction of engrafted MSCs do fuse with somatic cells, these events do not seem to limit their ability to ameliorate the injurious effects of BLM in lung.
Alternatively, MSCs may protect against BLM-induced injury by altering the microenvironment of lung at sites of engraftment. For example, MSCs may produce antagonists of tumor necrosis factor ␣ or other cytokines that disrupt signal pathways leading to fibrosis (32, 33) . Recent studies have shown that scavenging of HA degradation products in lung by CD44-expressing cells is necessary for the resolution of BLM-induced lung injury (14) . Scavenging by MSCs of HA and osteopontin, which plays an important role in the pathogenesis of BLM-induced fibrosis by promoting the migration, adhesion, and proliferation of fibroblasts in lung, may be an important mechanism of MSC action. Clearly, the timing of MSC administration is an important determinant of their biological response. Delaying MSC administration by 7 days after BLM challenge did not inhibit engraftment but eliminated the ability of the cells to alter the course of disease progression. Therefore, MSCs may produce factors that impinge on molecules expressed early but not late during the course of BLM-induced injury.
In summary, our data indicate that MSCs, given their propensity to engraft in lung tissue and ability to ameliorate the injurious effects of BLM, constitute an effective cellular vehicle for the treatment of lung disease.
